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E. coliThe membrane lipid bilayer is one of the primary cellular components affected by variations in hydration
level, which cause changes in lipid packing that may have detrimental effects on cell viability. In this study,
Fourier transform infrared (FTIR) spectroscopy was used to quantify changes in the membrane phase
behavior, as identiﬁed by membrane phase transition temperature (Tm), of Escherichia coli during desiccation
and rehydration. Extensive cell desiccation (1 week at 20%–40% RH) resulted in an increase in Tm from 8.4±
1.7 °C (in undried control samples) to 16.5±1.3 °C. Fatty acid methyl ester analysis (FAME) on desiccated
samples showed an increase in the percent composition of saturated fatty acids (FAs) and a decrease in
unsaturated FAs in comparison to undried control samples. However, rehydration of E. coli resulted in a gradual
regression in Tm, which began approximately 1 day after initial rehydration and plateaued at 12.5±1.8 °C after
approximately 2 days of rehydration. FAME analysis during progressive rehydration revealed an increase in the
membranepercent compositionof unsaturated FAsandadecrease in saturated FAs. Cell recoveryanalysis during
rehydration supported the previous ﬁndings that showed that E. coli enter a viable but non-culturable (VBNC)
state during desiccation and recover following prolonged rehydration. In addition, we found that the delay
periodof approximately1dayof rehydrationprior tomembrane reconﬁguration (i.e. decrease inTmand increase
in membrane percent composition of unsaturated FAs) also preceded cell recovery. These results suggest that
changes in membrane structure and state related to greater membrane ﬂuidity may be associated with cell
proliferation capabilities.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Proper functionality of cellular membranes is crucial for the
protection and stabilization of living systems. The lipid bilayer is a
primary structural and functional component of all cell membranes,
and numerous studies have reported that changes in the membrane
lipid packing as a result of water removal have irreversible effects on
bacterial cell viability [1–3].
Cell membranes adopt a variety of conformations, including
lamellar liquid crystalline (Lα) and lamellar gel (Lβ) phases, which
are induced by lyotropic (osmotically induced) and thermotropic
(temperature-induced) factors [4–6]. The Lα phase is characterized by
greater membrane ﬂuidity as a result of increased lipid head group
spacing, decreased lipid acyl chain ordering, and decreased mem-
brane thickness [6,7]. In contrast, membrane ﬂuidity decreases in the
Lβ phase due to denser packing of the lipid head groups, increased
lipid acyl chain ordering, and increased membrane thickness [6,7]. Aspartment, University of Min-
Minneapolis, MN 55455, USA.
ll rights reserved.water is removed from the lipid bilayer during desiccation, the polar
lipid head groups are forced closer together, thereby increasing lipid
packing and the van derWaals interactions between hydrocarbon acyl
chains of neighboring lipids [8–10]. This increased attraction between
lipid molecules forces the transition from the Lα to the Lβ phase,
resulting in a decrease in membrane ﬂuidity [2]. Upon rehydration,
membrane ﬂuidity increases as the cell reabsorbs extracellular water
and transitions back into the Lα phase [8].
Membrane structure and ﬂuidity are further affected by changes in
the membrane lipid composition. Increase in membrane ﬂuidity is
directly correlated to an increase in the relative amount of
unsaturated fatty acids (FAs) [11,12]. Due to the greater disorder of
unsaturated FAs, the highly ordered lipid packing of the Lβ phase is
prevented and the cellular membrane is maintained in the Lα phase.
Numerous studies in bacteria have shown that changes in membrane
lipid composition result from environmental stresses such as altered
temperature [13] and pH [14], starvation [15], and desiccation [15].
Membrane phase transition during cell preservation is thought to
cause the separation of membrane components [16], membrane
fusion [16], and the co-existence of the Lβ and Lα phases, which
creates mismatch resulting in an increase in membrane permeability
and cell leakage [16,17]. These alterations in membrane lipid
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living cells [16], although some organisms including seeds, pollen,
bacterial and fungal spores, and yeast cells can survive such
conditions [18] through survival mechanisms that are not well
understood.
Some bacteria are known to enter a viable but non-culturable
state (VBNC) in response to environmental conditions that would
otherwise be detrimental to cell survival such as nutrient-depleted
growth medium, incubation temperature outside the normal growth
range, osmotic stress, altered oxygen levels, or exposure to white
light [19]. As was ﬁrst identiﬁed by Xu et al . [20] in Escherichia coli
and Vibrio cholerae, the VBNC state is now known to exist in 60
species [21]. In the VBNC state, cell growth is restricted andmetabolic
activity is repressed in media that would normally facilitate growth
and colony development. Upon removal from adverse conditions,
however, cells do recover, and cell proliferation and normalmetabolic
function are regained [19]. Although numerous studies support the
VBNC state, there is some debate over the actual presence of such a
state [22,23].
Previous experiments (Schottel, unpublished data) indicated that
E. coli entered the VBNC state as a result of desiccation, and the
majority of the cells returned to the culturable state when given
adequate rehydration time. When colony formation capabilities of the
cells recovered from the VBNC state were compared to undried
control cells, it was observed that extensively dried E. coli cells (dried
more than 1 week under ambient conditions) analyzed immediately
after rehydration could form very few colonies. However, after about
72 hours of rehydration, up to 80% of the E. coli cells regained their
ability to divide and form colonies. These results suggest that during
desiccation E. coli enter the VBNC state and approximately 80% of the
cells can recover upon rehydration if allowed to recover for 72 hours.
The mechanisms by which cell recovery occurs and the changes in
cellular proteins, the lipid membrane, and DNA during transition in/
out of the VBNC state are not well understood.
Fourier transform infrared (FTIR) spectroscopy as well as differ-
ential scanning calorimetry [1–3,24] can be used to examine the
structural changes of the major biological components of cells under
different thermal and osmotic conditions. Furthermore, FTIR can
identify and distinguish between the membrane lipids and cytoplas-
mic proteins based on the analysis of spectral bands that correspond
speciﬁcally to protein secondary structure, acyl chains of the lipid
molecules, and phosphodiester bonds of nucleic acids (Fig. 1A) [25].
Expanding on recent ﬁndings about the ability of E. coli to transition
to/from the VBNC state, this study aimed at collecting structural
evidence of changes inmembrane composition and ﬂuidity during the
transition in/out of the VBNC that may be associated with cell
recovery from desiccation. There are several ways to induce
desiccation stress under ambient environmental conditions, including
air, foam, spray, and ﬂuidized bed drying (see Morgan et al. [26] for
descriptions of the latter three methods); however, in this commu-
nication, we utilized air drying. In our study, the symmetrical acyl
chain vibrations of carbon–hydrogen (CH2) bonds at 2850 cm−1
[27,28] were used to quantify structural changes in membrane lipid
packing by measuring the thermotropic phase transition temperature
(Tm) from the liquid crystalline (Lα) to gel (Lβ) phase (Fig. 1B). Tm is
characterized as the midpoint temperature of this transition and
studies have shown that Tm increased when liposomes [4,29], bacteria
[1–3], pollen [30,31], and mammalian cells [28,32] were exposed to
desiccation stress.
For decades, cryogenic storage has been the preferred method for
long-term preservation of microorganisms [26]. However, with the
advancements in biomedical technology, including the development
of cell-based therapies, tissue engineering and regeneration, and
biopharmaceutical research, the need for inexpensive storage and
processing of biomolecules and organisms in the absence of cryogenic
conditions is in great demand. As a result, desiccation under ambientconditions is a process that is attracting attention in preservation
research. Understanding the physiological changes in membrane
structure that occur during desiccation and rehydration, and the
process by which cell recovery can occur during rehydration, may
make it possible to employ desiccation as a less costly alternative to
cryogenic preservation.
2. Materials and methods
2.1. Bacterial culture growth
E. coli strain JM109 [F′ traD36 proA+ proB+ lacIq lacZΔM15/recA1
endA1 gyrA96(Nalr) thi hsdR17 supE44 relA1 Δ (lac-proAB) mcrA]
[33] transformed with the ampicillin-resistant pmerGFP plasmid [34]
was grown in 120 ml of Luria Bertani (LB) liquid medium (10 g/
l tryptone, 5 g/l yeast extract, 10 g/l NaCl, pH 7.2) at 30 °C with
shaking to stationary phase. This strain, as well as E. coli strain B, has
been shown to enter the VBNC state upon desiccation and to recover
during rehydration (Schottel, manuscript in preparation). To assess
colony-forming units (CFUs), cells were dilution plated on Penassay
Agar (PAA, Difco). Ampicillin was added at a ﬁnal concentration of
25 μg/ml to both liquid and solid media.
2.1.1. Membrane changes during desiccation
To investigate the changes in the cell membrane during desicca-
tion, a culture of E. coli was grown to stationary phase in LB and
harvested by centrifugation at 6000 rpm for 10 min at 4 °C. The pellet
was resuspended in 10ml of phosphate-buffered saline (PBS), and the
cells were harvested at 6000 rpm for 10 min. This procedure was
repeated one more time, and the ﬁnal pellet was resuspended in 3 ml
of pyruvate buffer (PB) [5mMpyruvate, NaK–phosphate buffer pH 6.8
(34 mM sodium phosphate, 33 mM potassium phosphate) and
0.091 mM (NH4)2SO4] [35]. A 30 μl cell sample was deposited on a
CaF2 window placed in an environmental chamber at 25 °C to impose
controlled drying. The relative humidity in the environmental
chamber was set to 70%, and selected samples were dried for 0.5
to 4 hours to study the effects of progressive desiccation on cell
membranes. Additional samples were dried at 5% RH for 1 hour to
investigate the effect of rapid desiccation on cell membranes. After
drying, all samples were resuspended in 10 μl of PB, immediately
sandwiched between two CaF2 windows, and sealed. FTIR analysis
(see below) was then conducted to monitor the membrane ﬂuidity
and Tm of the samples.
2.1.2. Desiccation followed by rehydration in PB
To study the relationship between cell recovery and Tm during
rehydration, a 120 ml stationary phase culture of E. coliwas harvested
and washed with PBS as described above except the ﬁnal cell pellet
was resuspended in 30 ml of PBS to an average cell density of
1.2×1010 cells/ml. Depending on the scale of the experiment, either
0.6 ml or 3.6 ml of cells were transferred to sterile 250 ml or 1 l
Erlenmeyer ﬂasks, respectively. The cell samples were dried under a
laminar ﬂow hood for approximately 15 hours, the ﬂasks were capped
with aluminum foil, and drying was continued for 1 week at room
temperature and 20%–40% RH.
After desiccation, the samples were rehydrated in PB, resulting in
cell densities of 0.6–8.85×108 CFU/ml based on dilution plating prior
to desiccation, and incubated for up to 72 hours in PB at room
temperature. PB supplies a limited amount of nitrogen and carbon but
does not support signiﬁcant cell division (less than 20% increase in
optical density of a cell sample was observed over a 3-day incubation
period) [34], thereby preventing the proliferation of the residual
culturable cells from interfering with cell recovery data. The
bacteriostatic antibiotic chloramphenicol (Cm) [36] (25 μg/ml ﬁnal
concentration) was added to selected rehydrated samples to
determine the effect of protein synthesis inhibition on recovery
Fig. 1. Membrane behavioral analysis of E. coli cell samples. (A) Characteristic FTIR spectrum of dried E. coli in PB. (B) Change in the CH2 stretch peak with temperature (ﬁlled
squares) of E. coli in PB (undried control) shows the membrane transition between the gel and liquid crystalline phases. The ﬁrst derivative of the data used to calculate Tm is shown
by the circles.
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centrifugation, resuspended in PB (20 μl), and sealed between two
CaF2 windows for FTIR analysis. The optical density at 650 nm (OD650)
was measured to ensure that cell proliferation did not take place
during rehydration in PB. Also, recovery was assessed by dilution
plating the cells to determine colony-forming units (CFUs). CFUs of
rehydrated samples were compared to the CFUs of the undried control
samples to determine percent post-rehydration recovery. Fatty acid
analysis was performed on samples at different time points during
rehydration in PB (see below).
2.1.3. Desiccation followed by rehydration in LB
Recovery and Tm were measured for E. coli cells that were
desiccated for 1–2 weeks and rehydrated directly in LB for up to
72 hours at densities of 2.75–3.35×108 CFU/ml based on dilution
plating prior to desiccation. At times during rehydration, a sample of
the cells was harvested by centrifugation, suspended in PB (20 μl),pelleted, washed, and resuspended in PB (20 μl). The sample was then
sealed between two CaF2 windows for FTIR analysis. In addition, the
samples were subjected to OD650 measurements and dilution plating
to measure total CFU. Since LB is a nutrient-rich rehydration medium
that facilitates cell division, CFU counts were not used to quantify cell
recovery, but rather to determine the extent of lag time before the
cells regained the ability to divide in the LB.
2.2. Determination of Tm and membrane ﬂuidity using FTIR spectroscopy
The effects of desiccation and rehydration on the Tm of E. coli
membranes were studied using FTIR. All samples sandwiched
between CaF2 windows were placed in a controlled temperature
chamber and cooled down to−5 °C. The samples were then heated to
50 °C at a rate of 2 °C/min. FTIR spectra were collected every
1.5 minutes in the 930–8000 cm−1 spectral range using a Thermo-
Nicolet 6700 spectrometer, ﬁtted with a DTGS detector (Thermo-
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is shown in Fig. 1A. Membrane phase transition behavior was
evaluated by monitoring the vibrational modes of the acyl chain
CH2 symmetric stretching band at 2850 cm−1 [27]. The exact location
of the CH2 peak was calculated through second derivative analysis,
mainly by obtaining the second derivative of the spectra using an 11-
point Savitsky–Golay algorithm and determining the location of the
peak maxima. The peak location of the band was plotted as a function
of temperature. Tm was determined by identifying the temperature at
which the greatest change in CH2 vibrational frequency occurred. Fig.
1B depicts an actual membrane phase transition curve and calculated
Tm of an undried E. coli sample. T-test (two-sample test) was used to
determine the statistical signiﬁcance (P) of the experimental results.
Statistical signiﬁcance was deﬁned as P≤0.05.
2.3. Fatty acid analysis
To assess fatty acid composition of whole cells, a culture of E. coli
was grown to stationary phase in LB, harvested by centrifugation, and
the pellet was resuspended in PBS. The cells were dried for 1 week
and rehydrated in PB as outlined in Section 2.1.2. At times during
rehydration, a sample of cells was harvested by centrifugation and
washed with PB, and the pellets were stored frozen. Cells that had
not been subjected to desiccation were analyzed for comparison as
the undried controls. In addition, some cells were rehydrated in the
presence of 25 μg/ml chloramphenicol to determine the effect of
protein synthesis inhibition on changes in membrane FAs. The frozen
cell pellets were lyophilized and sent to Microbial ID, Inc. (Newark,
DE) where fatty acid methyl esters (FAMEs) of the whole cell samples
were prepared and analyzed by gas chromatography against
appropriate standards using the Sherlock Microbial ID System. The
abundance of individual fatty acids was reported as percent
composition of total membrane FAs. Fatty acid analysis was carried
out with cells from four independent desiccation/rehydration
experiments. The averages and standard deviations of the measure-
ments at each time point for speciﬁc fatty acids were determined.
3. Results
3.1. Effect of desiccation on the Tm of E. coli
FTIR analysis was used to determine the change in Tm and cell
membrane ﬂuidity with desiccation (Fig. 2). Cell desiccation was
accompanied by an increase in the temperature-induced transition of
the CH2 peak wave numbers from the gel to liquid crystalline state.
Samples dried at 70% RH and 25 °C for 0.5–4 hours showed aFig. 2. The effect of different desiccation conditions on the membrane phase transition
behavior of E. coli in PB. Tm values were determined as the temperature by which the
greatest change in vibrational frequency of the phospholipid hydrocarbon acyl chains
occurred.progressive increase in Tm values from 9.25±1.0 °C after 0.5 hour of
desiccation to 14.8±1.1 °C following 4 hours of desiccation. Note that
the Tm for the undried samples was 8.4±1.7 °C. Faster drying at 5% RH
and 25 °C for 1 hour resulted in Tm=15.4±1.3 °C, and samples dried
for 1 week at 20%–40% RH and 25 °C had Tm=16.5±1.3 °C. The
differences in Tm were not statistically different among all groups
(P=0.6320, 0.3222, 0.2636, respectively) for cells desiccated for
4 hours (70% RH), 1 hour (5% RH), and 1 week (20%–40% RH),
indicating that Tm reached its maximum value under these conditions.
3.2. Effect of rehydration in PB on the Tm and cell recovery of E. coli
Tmof cells after 1week of drying remained high at Tm=17.3±2.3 °C
and was unaffected by rehydration for up to 24 hours after rehydration
(Fig. 3A). A gradual decrease in Tm was seen after 24 hours of
rehydration towards the Tm values of undried control cells, eventually
plateauing around 48 hours at Tm=12.5±1.8 °C. Membrane analysis
was continued with rehydrated samples for up to 72 hours after
rehydration. However, no statistically signiﬁcant differences in Tm
between 48 and 72 hours was observed (P=0.1517). The Tm values of
undried control cells and cells after 48 hours of rehydration were
however signiﬁcantly different (P=0.0049), indicating that the
membrane phase temperature or ﬂuidity did not entirely revert back
to the state of undried control standards. E. coli samples that were
rehydrated in the presence of Cm had a high Tm=18.9±3.0 °C even
following 72 hours of rehydration (Fig. 3A), suggesting a hindrance in
Tm regression as a result of protein synthesis inhibition.
Following cell rehydration in PB, cells were plated on PAA for
recovery analysis. The CFUs of rehydrated cells showed that, similar to
the onset of decrease in Tm at 24 hours of rehydration, cell recovery
began to occur around 24 hours, with maximum recovery occurring
between 34 and 48 hours (Fig. 3B). By 48 hours of rehydration, an
average of 1250-fold increase in CFU recovery was observed in
comparison to cells at time zero of rehydration. Sample analysis was
continued through 72 hours of rehydration, which resulted in an
additional 1.5- to 3-fold increase in percent cell recovery. In samples
rehydrated for 72 hours in the presence of Cm, there was little to no
recovery observed (Fig. 3B).
As stated previously, PB does not support signiﬁcant cell division
[34]. To verify division restriction in PB, OD650 readings were collected
for each rehydrated sample and revealed a maximum difference of
only 19% in optical density during rehydration from 0 to 72 hours
(Fig. 3C). No signiﬁcant change in OD650 observed during rehydration
in PB indicated that no signiﬁcant cell division took place during
rehydration that would interfere with the cell recovery analysis.
The wave number of the νsCH2 band at 1 °C, a randomly selected
temperature, was plotted as a function of rehydration time to
compare the membrane ﬂuidity at different times during rehydration
(Fig. 3D). For rehydration times shorter than 48 hours, the νsCH2 peak
maximum was at a lower frequency than undried control cells,
indicating lower membrane ﬂuidity. However, the peak location
increased above undried control samples at approximately 48 hours
and continued to rise through 72 hours after rehydration. Although
relatively small variations in Tm and cell recovery took place after
48 hours of rehydration (Fig. 3A and B), the continued increase in
membrane ﬂuidity up to 72 hours indicated that changes in
membrane composition continued to occur. For the cells rehydrated
in the presence of Cm, membrane ﬂuidity was signiﬁcantly lower than
any sample (control or experimental) (Fig. 3D).
Fig. 3E shows post rehydration recovery as a function of Tm. When
E. coli were desiccated for 1–2 weeks, the Tm increased to 17.3±
2.3 °C, at which point the percent recovery was near 0.01%. At Tm
values above approximately 13 °C, percent recovery remained under
1%, representing a threshold temperature at which little to no cell
recovery was observed. Gradual increases in CFU recovery with
rehydration time were accompanied with decreases in Tm. Neither a
Fig. 3. Recovery and Tm changes of E. coli cell samples as a result of rehydration time in PB. (A) Change in Tm with rehydration time. (B) Percent recovery change with rehydration
time as measured by CFU. (C) Normalized OD650 as a function of rehydration. (D) Change of CH2 peak position at 1 °C with rehydration time. (E) Correlation between Tm and percent
recovery after rehydration. Each individual point represents a separate cell sample. Independent experiments are indicated by the different symbols. (●) Tm and CH2 peak position at
1 °C were found for undried control samples for comparison. (○) Cm was added during rehydration in speciﬁc samples to inhibit protein synthesis. The dashed lines are a guide for
the eye.
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observed when samples were rehydrated in the presence of Cm,
which suggested the importance of protein synthesis for recovery.
3.3. Effect of rehydration in LB on the Tm and cell recovery of E. coli
In order to determine the effect of rehydration in growth medium
on Tm and cell recovery, dried E. coli samples (dried for 1–2 weeks at
20%–40% RH and 25 °C) were rehydrated in LB and analyzed at various
time points ranging from 0 to 72 hours of rehydration. Up to 26 hoursof rehydration, the Tm was 18.5±2.3 °C (Fig. 4A). Between 26 and
33 hours of rehydration, a sharp decrease in Tm was observed, after
which the Tm plateaued at 9.0±2.0 °C. Note that the Tm of the undried
control cells was 8.4±1.7 °C; there was no statistically signiﬁcant
difference in Tm of undried control cells and cells after 33 hours of
rehydration in LB (P=0.6200). FTIR analysis was continued for up to
72 hours after rehydration, showing only slight variations in Tm
between 33 and 72 hours.
CFU analysis revealed no signiﬁcant increase for up to 26 hours of
rehydration in LB (Fig. 4B). However, beyond 26 hours, the CFUs
Fig. 4. Recovery and Tm changes of E. coli cell samples as a result of rehydration time in LB. (A) Variation of Tm with rehydration time. (B) Percent recovery change with rehydration
time as measured by CFU. (C) Normalized OD650 as a function of rehydration time. (D) Change of CH2 peak position at 1 °C with rehydration time. Each individual point represents a
separate cell sample. Independent experiments are indicated by different symbols. (●) Tm and CH2 peak position at 1 °C were found for undried control samples for comparison. The
dashed lines are a guide for the eye.
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percent increase of approximately 4600-fold when compared to the
beginning of rehydration. In one experiment, cell recovery was
measured up to 72 hours after rehydration, and the CFUs increased an
additional 3.5 times between 48 and 72 hours. Since LB supports
culture growth, the signiﬁcant increases in CFUs (i.e. greater than
100%) that were observed after about 30 hours of rehydration were
due to cell proliferation during rehydration in the LB. This was clearly
reﬂected in the increase in OD650 observed after about 30 hours of
rehydration (Fig. 4C).
As with the PB rehydration experiments, the wave number of the
νsCH2 band at T=1 °C, a randomly selected temperature, was plotted
for each LB rehydration time point to examine changes in membrane
ﬂuidity (Fig. 4D). With progressive rehydration time, the membrane
ﬂuidity increased until approximately 33 hours, at which point the
νsCH2 peak plateaued. Unlike rehydration in PB, which resulted in
membraneﬂuidity above that of undried cells, samples rehydrated in LB
achieved maximum membrane ﬂuidity similar to that of undried cells.
3.4. Fatty acid analysis
Gas chromatographic FAME analysis showed that the percent
composition of saturated and unsaturated FAs, short- and long-chain
FAs, and cyclopropyl and their monoenoic precursors were all affected
by desiccation and rehydration (Fig. 5). In undried control samples,
the most prevalent FAs were 16:0, 16:1 (and its carbon substituted
17:0 cyclopropyl form), and 18:1. Following desiccation, the propor-
tion of 16:0, 17:0 cyclopropane, and 19:0 cyclopropane FAs increased(time zero in Fig. 5A, C, and E). Comparatively, the proportions of the
16:1 and 18:1monoenoic precursors to the cyclopropyl FAs decreased
(time zero in Figs. 5B and D). No change was detected amidst the
short-chain FAs (12:0 and 14:0) or substituted 14:0 OH during
desiccation (data not shown), all of which are characteristic
components of the lipid A portion of LPS in gram-negative bacteria
[37,38].
With rehydration in PB, there was an increase in 16:1 and 18:1 FAs
(Fig. 5B and D), along with a decrease in their 17:0 and 19:0
cyclopropyl counterparts (Fig. 5C and E). Additionally, there was a
decrease in percent composition of 16:0 (Fig. 5A), while an increase
was observed in the short-chain 12:0, 14:0, and 14:0 3OH FAs (data
not shown). During rehydration in the presence of Cm, no increase in
unsaturated FAs (Fig. 5B and D) and no decrease in saturated FAs (Fig.
5A, C, and E) occurred. This suggests that protein synthesis is needed
for the change in lipid composition observed during rehydration. In
summary, FAME analysis revealed that desiccation resulted in an
increased percent composition of saturated FAs and a decrease in
unsaturated FAs, while during rehydration there was an increased
percent composition of unsaturated FAs and FAs of the lipid A portion
of LPS and a decreased percent composition of saturated FAs.
4. Discussion
4.1. Desiccation
As desiccation and vitriﬁcation are being increasingly utilized for
preservation of biological organisms, the need to understand the
Fig. 5. FAME direct analysis of E. coli samples rehydrated in PB. The percent composition of speciﬁc FAs was determined in cell samples at different times during rehydration in PB:
(A) 16:0, (B) 16:1w7c/16:1 w6c combination, (C) 17:0 cyclopropane,( D) 18:1 w7c, (E) 19:0 cyclopropane. Fatty acid composition was measured in (●) undried control cells for
comparison. (○) Cmwas added during rehydration in speciﬁc samples to inhibit protein synthesis, and FAME analysis was carried out after 72 hours of incubation. The dashed lines
are a guide for the eye.
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is increasing [2]. During desiccation, cell membranes transition from
the liquid crystalline (Lα) to the gel (Lβ) phase due to an increase in
the van der Waals attractions between the hydrophobic acyl chains
of neighboring lipid molecules. This results in an increase in
membrane lipid packing [6,7]. Lipid packing has been quantitatively
assessed in pollen [30,31], bacteria [1–3], yeast [39], and mammalian
cells [28,32] by using FTIR spectroscopy to ﬁnd the membrane phase
transition temperature (Tm) between the Lα and Lβ phases. These
studies have shown that both desiccation and osmotic stress lead to
an increase in Tm. In our experiments, we have also observed that Tm
of E. coli increased gradually with desiccation (Fig. 2). FTIR
measurement of the Tm values also showed that Tm values of the
samples after 1 week of desiccation at 20%–40% RH were similar to
the Tm values measured in samples after desiccation for 1 hour at 5%
RH and 4 hours at 70% RH. This indicated that water removal from
the membrane caused a gradual increase in Tm until a maximum
value was reached, at which point no further signiﬁcant change in Tm
occurred. These results also showed that the rate of desiccation did
not have an effect on Tm, indicating that E. coli does not have an
active response mechanism to desiccation (as opposed to what isseen in anhydrobiotic organisms). Similar observations indicating a
gradual increase in Tm have been noted during desiccation of pollen
grains and dipalmitoyl phosphatidylcholine model systems [16] and
during osmotic stress of E. coli [1].
Examination of compositional changes in the bacterial membranes
(determined by FAME analysis) showed that a correlation exists
between the percent composition of saturated and unsaturated fatty
acids (FAs) and physiological changes of the membrane (as
determined by changes in Tm). FA analysis showed that desiccated
E. coli cells had a greater percent composition of saturated membrane
FAs (Fig. 5A, C, and E) and less unsaturated FAs (Fig. 5B and D) when
compared to undried control samples. These changes in membrane
acyl chain composition were only observed for FAs of chain lengths
greater than 14 carbons. Studies have shown that bacteria regulate
membrane FA composition to adapt to variations in growth
temperatures [5,40–42] and hyperosmotic conditions [43]. In a
particular study conducted by Morein et al. [42], E. coli were shown
to increase the fraction of unsaturated FAs in their membrane acyl
chains when grown at lower temperatures in order to maintain
desired membrane volume and ﬂuidity. In contrast, when our E. coli
cells were exposed to desiccation stress, there was an increase in the
Fig. 6. Scanning electron microscopy (SEM) imaging was performed on E. coli cell samples in PB: (A) undried and (B) desiccated for 1 week at 20%–40% RH using a Hitachi S-900
FESEM (Hitachi Co., Lawrenceville, GA) scanning electron microscope. The E. coli samples were sputtered with tungsten at rate of 1 Å/min for 10 min and were directly mounted on
the microscope.
2434 C.M. Scherber et al. / Biochimica et Biophysica Acta 1788 (2009) 2427–2435percent composition of saturated FAs, which may be the result of
membrane shedding rather than a mechanism to maintain desired
membrane ﬂuidity.
SEM images (Fig. 6) taken after desiccation but before rehydration
showed that membrane shedding during desiccation might account for
the variations in Tm and FA composition that were observed. Note the
decrease in membrane tortuosity and the presence of round vesicles
surrounding the desiccated-rehydrated cell (Fig. 6B). Bleb and vesicle
formation under stressful conditions such as temperature variations,
nutrient shortages, and toxic substances have been observed in E. coli
and Salmonella enterica [44,45], and Katsui et al. found that heat-
induced bleb formation in E. colioccurredwithout substantial cell death.
It has been proposed that, as a stress response, bacteria release portions
of the outer membrane to enhance their survival by eliminating
unwanted cellular substances that have been damaged and to remodel
their membrane [45]. In our desiccation experiments, the greater
percent composition of saturated FAs in dried cells compared to the
undried control samples may be the result of the selective removal of
membrane regions highly concentrated with unsaturated FAs, possibly
due to facilitated bleb or vesicle formation in more ﬂuid-like regions.
Therefore, we believe that rather than an active increase in the relative
amount of saturated FAsby the cells duringdesiccation, the change in FA
membrane composition may simply be the result of bleb or vesicle
release of regions high in unsaturated FAs.
4.2. Rehydration
Rehydration of E. coli, in both PB and LB, resulted in a decrease in Tm
as the desiccated cells reabsorbed extracellular water, thereby
increasing membrane ﬂuidity. However, these structural changes did
not begin for approximately 1 day after initial rehydration (Figs. 3A
and 4A), suggesting that cellular repair was necessary prior to the
onset of changes in membrane lipid packing. Following this period of
delay, the Tm decreased for several hours and eventually plateaued at
values closer to the Tm of undried control samples. No further decrease
observed in Tm with additional rehydration time indicated that a
speciﬁc state in membrane ﬂuidity had been reached, and additional
water exposure had no further signiﬁcant effects on lipid packing.
The decrease in Tm during rehydration paralleled an increase in
peak frequency of the νCH2 band (∼2850 cm−1) at 1 °C (Figs. 3D and
4D), which also indicated an increase in membrane ﬂuidity. We
observed that E. coli samples rehydrated over 48 hours in PB possessedslightly higher wave numbers than undried control samples. Although
it is unclear why the wave numbers after 48 hours of rehydration
increased beyond undried control samples, the results suggest that
physical differences in the membrane still exist between undried cells
and cells that had been rehydrated for over 2 days.
FAME analysis showed that progressive rehydration lead to an
increase in the membrane percent composition of unsaturated FAs
(Fig. 5B and D) and a decrease in the percent composition of saturated
FAs (Fig. 5A, C, and E). The introduction of the double bonds of
unsaturated FAs disrupts the cooperativity of the network interactions
of lipids within the membrane bilayer, thereby decreasing membrane
order [46]. These results suggest that the increased fraction of
unsaturated FAs observed with increasing rehydration time may
have contributed to the decrease in Tm and increase in membrane
ﬂuidity. Numerous studies support these ﬁndings and have identiﬁed
that a greater percent of unsaturated FAs in the cell membrane can
directly result in decreasing of Tm [5,47,48]. Additionally, increases in
FAs belonging to the lipid A portion of LPS occurred with rehydration;
however, the reason for these changes is unknown. When FAME
analysis was performed on samples rehydrated in the presence of Cm,
a protein synthesis-inhibiting agent [36], no increase in unsaturated
FA composition or decrease in saturated FA compositionwas observed.
This suggests that newly synthesized proteins may be needed for the
elongation, desaturation, transportation, and incorporation of unsat-
urated FAs into the cell membrane during rehydration [49].
Based on studies that E. coli enter the VBNC state upon desiccation
and recover during rehydration (Schottel, manuscript in preparation),
we measured colony formation in parallel to membrane analysis. Our
results showed consistency with these studies and are in support of
cell induction into the VBNC state during desiccation and recovery
following prolonged rehydration (Fig. 3B). Furthermore, we found
that the delay period of approximately 1 day of rehydration, which
preceded cell recovery, was equivalent to the delay observed prior to
changes in membrane lipid structure and state (i.e. Tm, membrane
ﬂuidity, and membrane FA composition). These results suggest that
membrane conﬁguration and a cell's proliferation capabilities are
closely related; however, the nature of this relationship is unclear.
When protein synthesis was inhibited during rehydration, no increase
in membrane ﬂuidity or cell recovery, when compared to cells at
time zero of rehydration, occurred (Fig. 3A, B, and D), indicating the
importance of protein synthesis on both membrane reconﬁguration
and cell division.
2435C.M. Scherber et al. / Biochimica et Biophysica Acta 1788 (2009) 2427–2435The results presented here identify the changes in membrane
lipid packing and composition that occur throughout desiccation
and rehydration of E. coli. Furthermore, we have been able to relate
changes in membrane ﬂuidity and FA composition to cell recovery
during rehydration, although the exact relationship between them
remains unclear. One clear ﬁnding, however, is that protein synthesis
is critical for both membrane changes and cell recovery. Current
preservation research employs the use of protectivemolecules, such as
disaccharides, during desiccation [2]. We have established, however,
that even in the absence of osmoprotectants, E. coli cells can recover
given sufﬁcient rehydration time. These data support previous studies
that suggest excessive desiccation of certain organisms does not lead
to cell death, but rather to the entry into the VBNC state. Theseﬁndings
show promise for the ﬁeld of preservation, while they raise great
concern for both food safety and sanitation.
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